ABSTRACT In this paper, the hybrid spatial modulation (SM) aided virtual multiple-input multiple-output one-way and two-way relaying architectures with multiple distributed single-antenna relay nodes are studied. For the one-way relaying with multiple-antenna source and destination nodes, a two-stage relay detector is proposed. In the proposed detector, first, the relay node determines its state, active or silent, through the energy-based threshold detection; second, the signal is estimated and forwarded only when the relay node is active. Furthermore, the threshold is designed based on a simplified error probability criterion. For the two-way relaying with two multiple-antenna source nodes, a two-phase relaying based on signal constellation rotation and simple XOR network coding (NC) is presented. First, both source nodes transmit pre-coding-aided SM symbols simultaneously to relay nodes. Second, the relay nodes estimate the source signals, perform XOR NC, and broadcast the relay signal to both source nodes through the distributed SM. To improve the detection performance of relay nodes, the signal constellation used at one source node is a rotated version of that at the other source node, and the optimization of the rotation angle is presented. Finally, the validity of both the proposed detector for one-way relaying and the proposed relay protocol for two-way relaying is justified by simulation results.
I. INTRODUCTION
Spatial modulation (SM) is a novel spatial multiplexing scheme proposed recently for multiple-input multipleoutput (MIMO) systems [1] - [3] . In SM, an additional dimension, called spatial (antenna) dimension is introduced to convey information, and only single transmit antenna is active in one channel time-slot. The advantages of SM include single radio frequency unit, no inter-antenna synchronization, single-stream signal detection, and so on. Due to these potential advantages, SM has attracted much attention recently. For a survey, the reader is referred to [4] - [6] . Pre-coding aided spatial modulation (PSM) [7] - [10] is the extension of the concept of SM. In addition to the modulation symbol, PSM conveys information by appropriately selecting the receive antenna index. The signal detection of PSM is very simple since the equivalent channel is one-input one-output. Thus, PSM is especially suitable in the downlink transmission where the mobile terminal is energy or computation constraint [8] .
The application of SM and PSM to the cooperative communication was reported in the literature [11] - [18] . In [11] - [13] , the principle of SM was applied at only relay nodes (RNs) to select the active RN or active antenna. In [14] and [15] , SM was employed at only source nodes (SNs) to transmit information. In [16] , SM was employed in both SN and RN. In [17] , motivated by the single active antenna property of SM, the coordinate interleaved orthogonal design spacetime block code was applied at the two-antenna RN in the physical-layer network coding (PLNC) based two-way relaying (TWR). In [18] , a virtual MIMO dual-hop architecture based on hybrid SM (HSM) was proposed. In this architecture, PSM and SM were utilized in the first and second hop, respectively. When no information exchange is permitted among the multiple RNs, the distributed maximum-likelihood (D-ML) detection was employed at each RN independently.
In this paper, the HSM aided relaying strategy [18] is further studied. The first contribution is to propose a twostage detector for the HSM-based one-way relaying (OWR). The motivation is that D-ML presented in [18] is not optimal since each relay processes the received signal independently and does not take into account the fact that only one RN is activated by PSM. In the proposed two-stage detector, the state, active or silent, of the RN is first determined by the energy-based threshold detection [19] , [20] . Second, when the RN is activated, the ML detection is employed to estimate the signal to be forwarded. Meanwhile, the fact that only one RN is activated by PSM is taken into account through a proper design of the threshold. Compared with the independent D-ML at each RN, the proposed detector first shows better performance since it utilizes the fact that only one RN is activated, second consumes less energy since the signal detection is not acquired at the RN decided to be silent.
The second contribution is to extend the HSM aided relaying strategy from OWR to TWR. In the proposed HSM-TWR, two SNs fulfill one information-exchange with the help of multiple distributed single-antenna RNs in two phases, multiple-access (MA) phase and broadcast (BC) phase. In the MA phase, both SNs transmit information simultaneously to RNs through PSM. In the BC phase, the simple bit-level XOR network coding (NC) is employed. To improve the performance of the simple NC, the method of the signal constellation rotation at one SN is proposed. Furthermore, the optimization of the rotation angle is derived based on the criterion of minimizing the error probability. It should be emphasized that the reason of using the simple XOR NC other than the PLNC is that the PLNC requires complex relay signal mapping optimization and feedback which is not very suitable for the low-energy-supply distributed RN.
The rest of this paper is organized as follows. In Section II, the proposed distributed two-stage detector for HSM-OWR is presented. In Section III, the proposed constellation rotation based two-phase HSM-TWR is given. The performance simulation is given in Section IV. Finally, Section V concludes this paper.
The superscripts T , H and -1 denote the transpose, Hermitian transpose, and inverse of a matrix or vector, respectively. The notations ||·|| represents the Euclidean norm of the vector argument. For a matrix A, [A] j,k denotes the (j, k)th entry of this matrix, and Tr[A] denotes the trace of this matrix. The unit matrix is denoted by I. Furthermore, C denotes the complex field, CN (0, σ 2 ) denotes a zero-mean complex Gaussian random variable with variance σ 2 , and E[·] denotes the expectation of the random argument.
II. TWO-STAGE DETECTOR FOR HSM-OWR A. SIGNAL MODEL
As shown in Fig. 1 , the HSM-OWR includes one SN, one destination node (DN), and K RNs R k , k = 1, . . . , K . It is assumed that SN, RN and DN are equipped with N S (N S ≥ K ), one, and N D antennas, respectively. Moreover, K is assumed to be a power of 2. This assumption can be satisfied through relay selection when K is not a power of 2. All nodes are assumed to work in a half-duplex fashion, and no information exchange is permitted among RNs. With the independent and identically distributed (i.i.d.) Rayleigh flat fading channel assumption, the channel from SN to R k and that from R k to DN are denoted as
it is assumed that no direct link exists from SN to DN due to the poor channel condition.
At SN, with PSM, the transmit signal x ∈ C N S ×1 can be expressed by
where d H is a normalized factor associated with the channel matrix H = [h 1 ; . . . ; h K ], P is the pre-coding matrix, e k is a K -dimensional vector with all zero entries except for a 1 in position k, and s is the signal point of an normalized M -ary phase shift keying (PSK) or quadrature amplitude modulation (QAM) constellation S. When the zero-forcing pre-coding (ZFP) is employed, the matrix P is set to be the pseudo-inverse of H, i.e.,
Then, the normalized factor
with the average power constraint. The received signal at R j , j = 1, . . . , K can be expressed by
where w R,j ∼ CN 0, σ 2 R is the RN noise. In D-ML detection [18] , R j first estimates the transmit signal bŷ
Then, in the second hop, R j keeps silent ifŝ j = 0, and forwardsŝ j to DN, otherwise.
Since all RNs perform (4) independently, it is possible that multiple RNs are activated. Denote A = j ŝ j = 0, j ∈ {1, . . . , K } as the index set of the activated RNs. The received signal at DN can be expressed by
where w D ∼ CN 0, σ 2 D I is the DN noise. To simplify the signal detection, only one RN is assumed to be activated at DN [18] . Then, DN estimates the transmit signal by
Note that only one RN is activated by SN through PSM in (1) . However, the D-ML detector does not use this knowledge and all RNs decode and forward independently. Therefore, it is possible that multiple RNs are activated by D-ML detection. When this happens, there exists error propagation since some RNs just forward incorrect data symbols, which degrades the system performance. To address this problem partly, a two-stage detection algorithm is proposed in the following. 
B. PROPOSED THRESHOLD-BASED TWO-STAGE DETECTOR
In the proposed two-stage detector shown in Fig. 2 , the state of RN R j , j = 1, . . . , K is first determined by
Here, the threshold V 0 is a predetermined value. Next, if R j is active, it further estimates the symbol by the ML detection
and forwardsŝ j to DN in the second hop. From (7) and (8), in the proposed detector, only the active relay (determined by the first-stage threshold detection) is required to perform the ML detection in the second stage. Moreover, the threshold V 0 can be optimized to improve the performance. In the following subsection, a concrete threshold optimization method is given.
C. THRESHOLD DESIGN
Define the conditional probability of the correct relay state by
Here, the second line is from the fact that the active index k and the modulation symbol s are both uniformly distributed in the index set K = {1, . . . , K } and the signal constellation S, respectively. The third line is from the i.i.d. assumption of h k for k = 1, . . . , K .
From (7), P (A = {k} |H, s, k ) can be computed by
Then u is a non-central chi-squared distributed random variable with 2 degrees of freedom and non-centrality parameter
where I 0 (·) is the zero-order modified Bessel function of the first kind. Therefore, it has
where Q 1 (·, ·) is the Marcum Q-function, defined by
Substituting (10)- (12) into (9), it has
21244 VOLUME 5, 2017 Then, the threshold V * 0 should be designed to satisfy the following equation
This can be solved efficiently by iterative methods such as bisection, secant, or Newton.
Remarks: The complexity of computing V 0 can be ignored when the slow fading channel is assumed. In this case, obviously, the proposed detector has much lower complexity and less energy consumption than the D-ML detector since the average number of active RNs decided by the first stage detection is usually much smaller than K with a proper design of V 0 . In fact, the average number of active RNs with V * 0 from (15) is only slightly larger than 1 in the proposed detector from our simulation tests. 
III. PROPOSED HSM-TWR
The structure of the proposed HSM-TWR is shown in Fig. 3 . Two SNs S 1 and S 2 are equipped with N 1 and N 2 antennas, respectively, and the RN R k , k = 1, . . . , K (K ≤ N 1 , N 2 ), is equipped with single antenna. All nodes are assumed to work in a half-duplex fashion. The channel gain of the link from S j to R k is denoted as h Rayleigh fading channel is considered and h j k ∼ CN (0, I). In the proposed scheme, the information of S 1 and S 2 is exchanged according to the following two-phase protocol.
A. MA PHASE
In the MA phase, S 1 and S 2 transmit the information simultaneously through PSM. The transmit signal at S j , j = 1, 2 can be expressed by
where β j is the normalized factor associated with the chan- = e iθ R S 1 , where θ R is the rotation angle and i = √ −1 is the imaginary unit. The two bit-to-symbol mappings, denoted by ϕ 1 (·) and ϕ 2 (·) for S 1 and S 2 , respectively, satisfy the relation ϕ 2 (b) = e iθ R ϕ 1 (b) for any information sequence b. Note that the information is carried by both k j and s j , j = 1, 2. The data rate is 1/2(log 2 (MK ) + log 2 (MK )) = log 2 (MK ) bits per phase.
When ZFP is employed, the pre-coding matrix is set to be the pseudo-inverse of H j , i.e., P j = H j H H j H j H −1 . By the instantaneous power constraint, it has
Then, the received signal at all K RNs can be expressed by
wherew R ∼ CN 0, σ 2 R I is the RN noise. Concretely, the received signal at distributed RN R k , k = 1, . . . , K can be expressed by
B. BC PHASE Given β 1 and β 2 , R k first estimates the transmit symbols of two SNs by
Then, R k is silent ifŝ 1,k =ŝ 2,k = 0, and is activated, otherwise. When RN is activated, the broadcast signal at RN can be obtained by
with
where ⊕ denotes the bit-wise XOR operation and ϕ −1 j (·) is the inverse of ϕ j (·) for j=1 and 2. In (22), the signal constellation S 1 is assumed to be employed at RN.
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Denote A as the set of the indices of the active RNs. The received signal at S 1 can be expressed by
where w 1 ∼ CN 0, σ 2 1 I is the SN noise. Noting that, by the distributed detection (20) , the state of each RN is independent and can be active or silent, there are 2 K possible combinations of A in total. To simplify the processing, the links from SNs to RNs are assumed to be error free, which is a tight approximation especially when the corresponding link qualities are high. Therefore, here, only the combinations belonging to the following two cases are considered.
1) Only RN R k 1 is activated, i.e., k 2 = k 1 and A = {k 1 }.
2) Two RNs are activated, i.e., A = {k 1 , k 2 |k 2 = k 1 }.
Noting that k 1 and s 1 are known at S 1 , in the case A = {k 1 }, S 1 computeŝ
In the other case, i.e., A = {k 1 ,
Finally,ŝ NC or k ,ŝ is selected according to the Euclidean distance criterion, i.e., the signal k 2 and s 2 are estimated ask 2 =k,ŝ 2 = e jθ Rŝ if
ŝ NC , otherwise. Similarly, S 2 can estimate k 1 and s 1 .
C. ROTATION ANGLE DESIGN
From (20) , the super signal constellation received at each RN in the MA phase can be defined by
This constellation is characterized by two parameters β 1 and β 2 . In fact, the ratio γ = β 2 /β 1 is sufficient for the rotation angle optimization. Therefore, we define
From (21) and (22),
Denote L m as the cluster consisting of all the signal points in S S which will result in the same broadcast signal x R,j = s 1 m . Then, it has
On the other hand, from (20) ,
Notice that, in the MA phase, the relay symbol error happens only when the signal point in one cluster is decided to be that belonged to another cluster. Thus, to minimize the error probability of the MA phase, here, the criterion of maximizing the minimum squared cluster distance (MSCD) is taken. The MSCD is defined by
L is a function of the rotation angle θ R and the channel strength ratio γ . To express this dependence explicitly, the notation d 2 L is thereafter replaced by d 2 L (θ, γ ). Then, the optimal rotation angle can be acquired by
Here, θ max is the maximum rotation angle which is determined by the symmetry of the signal constellation S 1 . From (31), the optimal rotation angle is dependent on the equivalent channel strength ratio γ , which is further determined by the specific channel realization H 1 and H 2 . Obviously, this is impractical since it will result in frequent optimization of the rotation angle. To overcome this problem, here, the angle resulting in the maximum average MSCD defined by d 2
is designed. Then, the angle optimization (31) can be reformulated as
To solve (32), the probability distribution of γ should be derived first. With the instantaneous power constraint (17) , from [9] , the probability density function (PDF) of
Then, the PDF of β j = λ j can be expressed by
Thus, the PDF of the ratio γ = β 2 /β 1 can be computed by 
where the last line follows from [21, eq. (3.326) ]. Given f γ (γ ), the average MSCD can be computed by
where γ (n) , n = 1, . . . , N MC are the N MC samples according to the PDF f γ (γ ).
IV. SIMULATION RESULTS

A. HSM-OWR
Here, to focus on the performance of relay detectors, the symbol-error-rate (SER) of the source-to-relay is evaluated through computer simulations. The SNR is defined as 1/σ 2 R . Two scenarios, Scenario 1 with N S = 8, K = 4, M = 4 (QPSK) and Scenario 2 with N S = 16, K = 8, M = 16 (16-QAM), are considered. Fig. 4 gives the SER curves of the D-ML detector and the proposed threshold detection based two-stage detector (D-TS) in both scenarios. From this figure, compared with the D-ML detection, the proposed detector has a performance gain of about 0.25 dB at SER=10 −5 in Scenario 1 and about 0.6 dB at SER=10 −5 in Scenario 2. This is in accordance with the analysis in Section II.
Moreover, the less performance gain of the proposed detector in Scenario 2 can be interpreted as follows. From (3), the normalized factor d H is in fact the equivalent channel gain. According to the definition in Section II-A, it can be readily shown that d H = √ N S when the channel H is orthogonal, and thus it is reasonable to conjecture that d H is proportional to N S . This means that the equivalent channel gain in Scenario 2 is higher than that in Scenario 1. On the other hand, with the higher received SNR, the probability that multiple RNs are activated by the D-ML detector is smaller. Therefore, the performance gain of the proposed D-TS detector over the conventional D-ML detector decreases with increasing N S .
B. HSM-TWR
In this section, we provide computer simulation results to demonstrate the bit error rate (BER) performance of the proposed two-phase HSM-TWR architecture. In the simulation, we set σ 2 R = σ 2 1 = σ 2 2 = σ 2 , and the SNR is defined as SNR = 1/σ 2 .
For the sake of comparison, three benchmark systems are considered: i) the three-phase HSM-TWR system, ii) the direct communication link, and iii) the three-phase single relay system. The three-phase HSM-TWR is a direct extension of the HSM-aided OWR in [18] . In the first two phases, S 1 and S 2 transmit their information to RNs through PSM, respectively. The RN forwards the bit-wise-XOR network coding signal to SNs through distributed SM in the third phase. In the direct communication, we assume that the direct link between S 1 and S 2 is weak and distributed as CN (0, pI), where p captures the path loss effect. In all the benchmark systems, the SNs use the same linear precoding method as that in the proposed architecture. The simulated BER performance in the first scenario is given in Fig. 6 . The curves of the three benchmark systems with the same data rate are also given. It is easy to see that the proposed two-phase HSM TWR (θ R = 60 0 ) shows the best performance in all the schemes. At BER=10 −5 , the performance gain is about 1.0 dB over the three phase HSM-TWR. Fig. 7 gives the simulated BER performance in the second scenario. Similar conclusion can be drawn from this figure. At BER=10 −5 , the performance gain of the proposed two-phase HSM TWR (θ R = 23.5 0 ) is about 3.0 dB and 1.9 dB over the three-phase HSM TWR and the singlerelay system, respectively.
It is interesting to find that, from Fig. 6 , the single relay shows worse performance than the three-phase HSM TWR, while it is reversed from Fig. 7 . We interpret it partly as follows. From (17) and (18) , it can be found that, the larger the value of N j − K , the larger the equivalent channel gain β j from S j to RN, j = 1, 2 (N j − K can be viewed as the number of the free degrees to provide power gain). According to the simulation setting, N j − K = 8 for Fig. 6 while N j − K = 4 for Fig. 7 . Therefore, the equivalent channel gain from SN to RN is larger in Fig. 6 , which will result in a better error performance for the index information (e.g., when estimated by energy detection). Notice that the three-phase HSM TWR utilizes the index of the activated RN to convey part information, while the single relay conveys information only through constellation symbols. Therefore, it is possible that the three-phase HSM TWR shows better performance than the single relay in Fig. 6 . However, in Fig. 7 , the error performance of the index information is worse, and thus it is possible that the single-relay shows better performance.
V. CONCLUSION
In this paper, the HSM aided distributed relaying was studied. First, a threshold detection-based D-TS detector was proposed for HSM-OWR, which achieves better performance and lower average detection complexity with a proper design of the threshold. Second, a two-phase protocol based on signal constellation rotation and bit-wise network coding was proposed for HSM-TWR. With a proper design of the constellation rotation angle, the proposed scheme achieves better performance than some conventional schemes with similar complexity.
